Subcellular fractions containing microsomes prepared from rat livers homogenized in the absence of EDTA catalysed the oxidation of cholesterol to 7a-hydroxycholesterol, 7-oxocholesterol, 7fl-hydroxycholesterol and 5a-cholestane-3,B,5,6,B-triol. These reactions required native protein, molecular oxygen and NADPH. It is suggested that these compounds are formed by a peroxidation analogous to the peroxidation of fatty acids catalysed by liver microsomal preparations. Incubations of [4-1'C]cholesterol with microsomal preparations from rat liver homogenized in the presence of EDTA gave 7ao-hydroxy[14C]cholesterol as the main product. This reaction required molecular oxygen and NADPH, and was inhibited by CO. The mass of 7a-hydroxycholesterol formed during the incubation was measured by a double-isotope-derivative dilution procedure. This procedure was used to assay the activity of cholesterol 7a-hydroxylase and to measure low concentrations of endogenous 7a-hydroxycholesterol in liver.
The introduction of the 7a-hydroxyl group into the ring system of cholesterol is thought to be the first step in the sequence leading from cholesterol to cholic acid (Bergstrom, 1959) . Cholesterol 7a-hydroxylase, the enzyme catalysing this step, is confined to liver microsomal preparations and requires NADPH and molecular 02 to function. Because of the inhibitory effect of CO on the activity of 7x-hydroxylase, cytochrome P-450 has been implicated as the terminal oxidase for this hydroxylation (Boyd et al., 1969) . Circumstantial evidence accumulated during the past few years indicates that 70c-hydroxylation may be rate-limiting in cholic acid formation. Hence, by studying the effect of various physiological factors on the activity of 7a-hydroxylase, it may be possible to obtain information about the regulation of bile acid formation in the liver.
Current methods for assaying the activity of 70c-hydroxylase are based on measuring the incorporation into 7a-hydroxycholesterol (cholest-5-ene-3fl,7a-diol) of radioactive cholesterol added to a suspension ofliver microsomal preparations and incubated in the presence of a suitable medium. Such methods may give erroneous results for the activity of 7ax-hydroxylase because liver microsomal preparations contain appreciable amounts of cholesterol. It is possible that only a portion of this endogenous cholesterol acts as substrate for the enzyme and that the proportion of the endogenous cholesterol that is metabolically active varies under different physiological conditions. It is also possible that the added radioactive cholesterol mixes with the endogenous cholesterol to different extents, depending on the way in which it is added. These considerations have led us to develop a more direct method for measuring the Vol. 128 activity of cholesterol 7a-hydroxylase in rat liver microsomal preparations.
Cholesterol in aqueous suspension is susceptible to attack by 02 with the formation of 7-oxocholesterol (3,B-hydroxycholest-5-en-7-one), 7fl-hydroxycholesterol (cholest-5-ene-3fi,7fi-diol), 7a-hydroxycholesterol and other products. Since this process is enhanced in the presence ofa microsomal preparation containing NADPH, 7a-hydroxycholesterol can be formed from cholesterol by peroxidative reactions, as well as by the action of cholesterol 7a-hydroxylase. This presents a problem in the assay of cholesterol 70-hydroxylase.
In this paper we describe conditions for the assay in vitro of the activity of 7a-hydroxylase in liver microsomal preparations. These conditions minimize NADPH-induced peroxidation of cholesterol to 70c-hydroxycholesterol and non-physiological products including 7-oxocholesterol, 7#-hydroxycholesterol and 5a-cholestane-3fi,5,6P-triol. The product of cholesterol 7a-hydroxylase activity is measured by a double-isotope-derivative dilution procedure (Peterson & Eilers, 1965) . This assay procedure has been used to measure the activity of the enzyme and the steady-state concentration of 7a-hydroxycholesterol in liver subcellular fractions.
Experimental Animals and their treatment
For all normal purposes male rats of the Wistar strain, weighing 150-175g and fed on M.R.C. Diet no. 18 (Bruce & Parkes, 1946) , were used. Rats I treated with cholestyramine resin were fed on a diet containing 5 % (w/v) cholestyramine for 7 days.
Preparation of liver cellfractions and incubations
The rats were killed by cervical dislocation at about 8.00 a.m. on the day of the experiment. The livers were removed immediately, chilled in ice and perfused with ice-cold 0.25M-sucrose to remove contaminating haemoglobin. The perfused livers were then minced in a stainless-steel mincer and homogenized in 4vol. of ice-cold 0.1 M-potassium phosphate buffer (pH 7.4) containing nicotinamide (30mM) and either MgCl2 (5mM) or EDTA (1 mM). The homogenate was centrifuged at 800g for 10min and the supernatant obtained was centrifuged at 1 5000g for 15 min. The supernatant from this centrifugation (Sls fraction) was centrifuged at 104000g for 60min to give a supernatant fraction (S104 fraction) and a microsomal pellet. The microsomal fraction was prepared by suspending the microsomal pellet in 0.1 M-potassium phosphate buffer (pH 7.4) containing nicotinamide (30mM) and MgCl2 (5mM).
The standard incubation mixture contained 3 ml of the S15 fraction (20-24mg of protein) and 2ml of potassium phosphate buffer (pH 7.4) containing nicotinamide (30mM) and MgCI2 (5mM). For some experiments the microsomal fraction from 3 ml of the S15 fraction was incubated. In these experiments the standard incubation mixture contained, in a final volume of 5ml, 0.1 M-potassium phosphate buffer (pH7.4), 30mM-nicotinamide, 5mM-MgCl2, 1 mM-NADP+, 10mM-glucose 6-phosphate and 1 unit of glucose 6-phosphate dehydrogenase (1 pmol of NADPH formed/min). In every case the substrate cholesterol, labelled or unlabelled, was added to the incubation mixture as a solution in acetone or as a suspension in Tween 80. The incubations were carried out with air as the gas phase (unless specified otherwise) at 37°C with constant shaking. The incubation was terminated by adding 20vol. of chloroform-methanol (2:1, v/v) and 1 ml of 0.25M-H2SO4. (,umol) at zero time.
A was determined from the amount of 14C eluted from the 70c-hydroxycholesterol band on the chromatogram of the extracts of the incubation mixture. B was determined from the amount of 3H incorporated into samples of 7ac-hydroxy[14C]cholesterol of known specific radioactivity subjected to all the procedures to which the microsomal samples were subjected and allowing for the amount of 3H due to the mass of 7o-hydroxy[14C]cholesterol in the sample.
For the determination of Z a sample of 7a-hydroxy-
[14C]cholesterol of known specific radioactivity was added to the incubation mixture, the sample was extracted at zero time and the fraction of 7a-hydroxycholesterol obtained was taken through the same steps as the incubated sample. Z was determined from the amount of 3H incorporated into the sample, allowing for the amount of 3H due to the blank (B) and for the amount of 3H due to the mass of 7oc-hydroxy[14C]cholesterol added to the sample originally.
Cholesterol in the subcellular fractions was determined by the method of Clark et al. (1968) . Protein was determined by the biuret method. Cytochrome P-450 was determined from the CO difference 1972 CHOLESTEROL 7ac-HYDROXYLASE spectrum of the reduced pigment (Omura & Sato, 1964) . Wherever suitable the results are expressed as means values ±s.D.
Radioassay
Radioactivity was assayed in a Beckman LS-250 liquid-scintillation spectrometer. The energy spectrum was corrected for quenching by an automatic gain control and this correction was found to be reliable over the range of quenching encountered in the present experiments. Counting rates were corrected for quenching by the external-standard channels-ratio method. [4-14C]Cholesterol (6OmCi/mmol) was diluted to the desired specific radioactivity and purified by t.l.c. on Kieselgel H with ether at 5°C (RF 0.66) and with benzene-ethyl acetate (3:7, v/v; RF 0.54) before it was added to the incubation medium.
7a-Hydroxycholesterol was synthesized from cholesterol (Lythgoe & Trippett, 1959) . Cholesterol in pyridine was photo-oxygenated in the presence of haematoporphyrin dihydrochloride (Nickon & Bagli, 1959 ) and the 3fl-hydroxy-5a-cholest-6-ene-5-hydro- Cholest-5-ene-3fl,7a-diol diacetate was prepared by acetylation of 7a-hydroxycholesterol. A portion (30mg) of 7a-hydroxycholesterol was dissolved in 2ml of pyridine and allowed to react with 1 ml of acetic anhydride for 24h at 370C. After evaporation of the solvents the oily residue was triturated with methanol, from which it was crystallized to yield transparent needles of cholest-5-ene-3p,7a-diol diacetate (m.p. 122-123°C). 7-Oxocholesterol and 7fl-hydroxycholesterol were synthesized by the method of Fieser et al. (1949) .
Results
When [4-14C] cholesterol was incubated in the presence of NADPH, with the microsomal fraction of rat liver initially homogenized in the absence of EDTA, more than 10% of the radioactivity was incorporated into products more polar than cholesterol. A typical radioautogram from a chromatogram of the extracts of an incubation mixture is shown in Plate l(a). The main product was 7-oxocholesterol, but there was some incorporation of radioactivity into 5a-cholestane-3f,5,6fl-triol, 7f,-hydroxycholesterol and 7a-hydroxycholesterol. When the microsomal preparations were inactivated by heating them at 100°C for 10min before incubation, the formation of all products, including 7-oxocholesterol, was markedly diminished (Table 1) . A similar diminution was observed when NADPH was excluded from the incubation medium. Under the conditions used for these experiments, CO failed to inhibit the formation of 7a-hydroxycholesterol (Table 2) .
It has been reported by that thiol compounds such as ,B-mercaptoethylamine completely inhibit the NADPH-induced microsomal autoxidation of cholesterol and that they activate 7a-hydroxylase. In agreement with their findings, ,-mercaptoethylamine added to the incubation mixture decreased the formation of products such as 7-oxocholesterol, 7fi-hydroxycholesterol and 5a-cholestane-3fi,5,6fi-triol, but there was no increased formation of 7a-hydroxycholesterol (Fig. 1) . Moreover, in incubations in the presence of ,-mercaptoethylamine (10mM) CO had only a slight inhibitory effect on the formation of 7a-hydroxycholesterol. These findings prompted us to look for conditions in which the enzymic formation of 7a-hydroxycholesterol is even greater than in the presence of ,B-mercaptoethylamine, and in which the formation of non-physiological peroxidation products of cholesterol is minimized.
Microsomal preparations from rat liver that was homogenized in the presence of mM-EDTA and incubated with [4-14C] cholesterol produced 70c-hydroxycholesterol as the main product (Plate lb). The percentage incorporation of added radioactive cholesterol into the 7oc-hydroxycholesterol fraction (Table 3 ) was much higher than in similar incubations with microsomal fraction from liver homogenized in the absence of EDTA. The absolute requirement for 02 and NADPH for the formation of 70c-hydroxycholesterol is shown in Table 3 . In incubations with N2 as the gas phase, or in aerobic incubations with NADPH excluded, the amount of 7a-hydroxy[14C]-cholesterol formed from added [4-14C]cholesterol was negligible, as was also the case with heat-inactivated microsomal preparations. The requirement for NADPH could be replaced by the soluble fraction of the cell (S104). In agreement with the findings of other workers (Shefer et al., 1968; Wada et al., 1969; Gielen, 1969) The second step in the sequence leading from cholesterol to cholic acid is the formation of 7a-hydroxycholest-4-en-3-one, a step catalysed by a microsomal enzyme and requiring NADI as cofactor (Berseus et al., 1969) . The enzyme, 12oc-hydroxylase, that introduces the 12ac-hydroxyl group into the ring system requires 02 and NADPH to function (Suzuki et al., 1968) . Hence, the addition of NADI (0.3mM) to the standard incubation mixture allowed the reaction to proceed further, to the formation of 7a-hydroxycholest4-en-3-one and 7a,12a-dihydroxycholest-4-en-3-one. The addition of increasing amounts of 7a-hydroxycholesterol to the incubation medium increased the amount of 14C incorporated into 7a-hydroxycholesterol and diminished the incorporation of radioactivity into 7a-hydroxycholest-4-en-3-one and into 7a,12a-dihydroxycholest4en-3-one (Table 4) . However, 7a-hydroxycholesterol added at a concentration of 1OOtM inhibited its own synthesis.
The sensitivity of the acetylation method for the determination of 7ax-hydroxycholesterol was evaluated by acetylating known amounts of the steroid and determining it on the basis of the known specific radioactivity of the acetic anhydride. The curve of observed versus expected values was linear over the range determined (Fig. 2) . The accuracy of the procedure was further assessed by recoveries obtained when 7a-hydroxycholesterol was added in known increments to microsomal suspensions. The recovery curve (Fig. 2) had the same slope as the standard curve but was shifted by 1.0,ug on the ordinate, indicating the presence of endogenous 7ao-hydroxycholesterol in microsomal preparations. Vol. 128 Table 4 . Incorporation of radioactivity into the fractions of 70x-hydroxycholesterol, 70c-hydroxycholest-4-en-3-one and 7a,12a-dihydroxycholest-4-en-3-one on incubation of [4-'4C] 7a-Hydroxycholesterol added (pg) Fig. 2 . Standard curves of 7ax-hydroxycholesterol assayed with the acetylation method in the absence (o) and in thepresence (o) ofliver microsomalfraction For experimental details see the text.
To confirm the identity of the endogenous 7a-hydroxycholesterol present in microsomal preparations, 7a-hydroxy[4-14C]cholesterol (0.08,ug) of known specific radioactivity was added to 1ml of microsomal preparation and the sample was subjected to the procedure described for incubated samples.
After the final 3H/14C ratio was measured, the [3H,4-'4C]cholest-5-ene-3fl,7a-diol diacetate (3.47 ,tg) was mixed with unlabelled diacetate and crystallized to constant specific radioactivity. During all five recrystallizations the 3H/14C ratio of the steroid remained more or less constant (Table 5) .
With the conditions of incubation described above and the acetylation method for measuring the 7a-hydroxycholesterol produced, the rate of synthesis of 7ao-hydroxycholesterol in liver microsomal fraction was found to be 1.33±0.11nmol/30min per mg of protein (four determinations). The concentration of endogenous 7a-hydroxycholesterol was 0.09 ± 0.006nmol/mg of microsomal protein (three determinations). The rate of synthesis of 7a-hydroxycholesterol in liver microsomal fraction from rats treated with cholestyramine was 2.82 ±0.51 nmol/ 30min per mg of protein (four determinations) and the concentration of endogenous 7ax-hydroxycholesterol was 0.35 ±0.006nmol/mg of microsomal protein (three determinations).
In experiments in which [4-14C]cholesterol was incubated under the conditions already described for the microsomal fraction, the specific radioactivity of the 7a-hydroxycholesterol (6215 ± 387 d.p.m./nmol; five determinations) formed during a 30-min incubation was found to be lower than that of the added [4-'4C]cholesterol (110000d.p.m./nmol) and higher than that of the total cholesterol in the incubation mixture (4118±313d.p.m./nmol; five determinations). This suggests that not all the microsomal cholesterol is accessible to cholesterol 7a-hydroxylase. If so, the activity of cholesterol 7a-hydroxylase assayed by the isotope-incorporation method is likely to be influenced by the size of the metabolically active cholesterol pool in the microsomal fraction. Moreover, it (Table 6 ).
Discussion
Studies in vitro from several laboratories (Mendelsohn et al., 1965; Danielsson & Einarsson, 1964; Mitton & Boyd, 1965) have shown the conversion of cholesterol into 7a-hydroxycholesterol by subcellular fractions containing microsomes. However, work in vitro has been complicated by the ease with which cholesterol can form oxidation products on exposure to oxygen. A large number of autoxidation products of cholesterol, including 7a-hydroxycholesterol, have been shown to be produced non-enzymically under various conditions (Van Lier & Smith, 1970) . The formation in vitro of 7a-hydroxycholesterol from cholesterol is accompanied by other oxidation products, including 7-oxocholesterol, 7fl-hydroxycholesterol and 5a-cholestane3fl,5,6f-triol (Danielsson & Einarsson, 1964; Gielen et al., 1968) . Since these last three compounds are not converted into normal bile Vol. 128 acids in vivo or in vitro, they presumably have no physiological significance.
In the present work, microsomal fractions prepared from rat livers homogenized in the absence of EDTA converted cholesterol into 7a-hydroxycholesterol, 7-oxocholesterol, 7fl-hydroxycholesterol and 5oc-cholestane-3P,5,6fl-triol. The requirement for NADPH and native protein for the catalysis of these processes is evident from our experiments. As the requirements for the formation of 7-oxocholesterol, 7f-hydroxycholesterol and 5a-cholestane-3fl,5,6P-triol are the same as those for cholesterol 7x-hydroxylase, it is possible that a part or all of the 7a.-hydroxycholesterol formed under these conditions is derived through the same processes as the non-physiological companions of 7a-hydroxycholesterol. Moreover, some 7a-hydroxycholesterol could have been formed through the enzymic reduction of 7-oxocholesterol, as was demonstrated by . The possibility that 70c-hydroxycholesterol formed in the experiments with microsomal fractions prepared without EDTA was not the product of cholesterol 7a-hydroxylase is supported by the failure of CO to inhibit its formation. Since 70c-hydroxycholesterol can be formed in vitro by non-physiological processes, the problem of physiological and nonphysiological reactions must be resolved before an 3H/14C ratio 12.6 14.6 13.8 14.4 13.3 13.7
enzymic assay of cholesterol 7ao-hydroxylase can be attempted. The conditions required for the formation of nonphysiological products of cholesterol, and also of 7ac-hydroxycholesterol, are similar to those under which lipid peroxidation occurs (Wills, 1969a) . The fact that anti-lipoperoxidative agents such as EDTA or f-mercaptoethylamine inhibited the formation only of the non-physiological metabolites of cholesterol confirms the closely related nature of these two processes (Mitton et al., 1971) .
Microsomal fractions from liver homogenized in the presence of EDTA are devoid of lipoperoxidative activity (Wills, 1969b) and do not produce the nonphysiological companions of 7x-hydroxycholesterol, whereas the percentage incorporation ofradioactivity into the 7a-hydroxycholesterol fraction was comparatively high. For the formation of 7ax-hydroxycholesterol from cholesterol under these conditions there is also a requirement for 02 and NADPH. The inhibition of the formation of the non-physiological companions of 7x-hydroxycholesterol, with concomitant increase in 7a-hydroxylation of cholesterol, suggests the operation of a shared or partly shared electron-transport system for the activation of 02 by cholesterol 7a-hydroxylase and for cholesterol peroxidation. The inhibition of 7tx-hydroxycholesterol formation in incubations with CO in the gas phase confirms earlier results (Shefer et al., 1968; Wada et al., 1969; Gielen, 1969) implicating cytochrome P-450 as the terminal oxidase for cholesterol 7cc-hydroxylase.
Microsomal The determination of the mass of 7a-hydroxycholesterol produced during the incubation provides a direct method for assaying the activity of cholesterol 7a-hydroxylase that lacks the disadvantages of the isotope-incorporation method used previously for assaying the activity of this enzyme. The presence of appreciable amounts of cholesterol in liver microsomal preparations, only a part of which appears to act as substrate for cholesterol 70c-hydroxylase, could lead to erroneous estimates of the activity of the enzyme measured by the isotope-incorporation method. The double-isotope-derivative dilution procedure introduced here could, under certain conditions, provide a measure ofthe size ofthe metabolically active pool of cholesterol. Moreover, the introduction of a lipid-soluble radioactive label to the incubation medium results in labelling of the endogenous cholesterol pool to different extents, depending on the way in which the label is added. The high sensitivity of the acetylation method coupled with its reproducibility makes possible the measurement of the small changes in the amounts of 70c-hydroxycholesterol that occur during its synthesis in vitro. Moreover, the acetylation method enabled us to measure the 7a-hydroxycholesterol that accumulates in subcellular fractions of liver at very low concentrations under different physiological conditions in vivo.
The identification of endogenous 7a-hydroxycholesterol present in liver microsomal preparations and its increased concentration in the microsomal fractions from the livers of cholestyramine-treated rats provides additional evidence that 7ax-hydroxycholesterol is an intermediate in cholesterol catabolism.
